Background: Vitamin B12 (B12) and folate are essential vitamins that play important roles in physiological processes. In the general population, many studies have evaluated the association of these vitamins with clinical outcomes, yet this association in hemodialysis (HD) patients remains unclear. Methods: We examined the association of serum folate and B12 with mortality in a 5-year cohort of 9517 (folate) and 12 968 (B12) HD patients using Cox models with hierarchical adjustment for sociodemographics, comorbidities, and laboratory variables associated with the malnutrition and inflammation complex syndrome. The associations of baseline B12 and folate (separately) with all-cause mortality were evaluated across five categories of B12 [<400 (reference), 400-<550, 550-<650, 650-<750 and !750 pg/mL] and folate [<6.2, 6.2-<8.4, 8.4-<11 (reference), 11-<14.3 and !14.3 ng/mL]. Results: The study cohort with B12 measurements had a mean 6 standard deviation age of 63 6 15 years, among whom 43% were female, 33% were African-American, and 57% were diabetic. Higher B12 concentrations !550 pg/mL were associated with a higher risk of mortality after adjusting for sociodemographic and laboratory variables. However, only lower serum folate concentrations <6.2 ng/mL were associated with a higher risk of all-cause mortality when adjusted for sociodemographic variables [adjusted hazard ratio (95% confidence-interval): 1.18 (1.03-1.35)]. Conclusions: Higher B12 concentrations are associated with higher all-cause mortality in HD patients independent of sociodemographics and laboratory variables, whereas lower folate concentrations were associated with higher all-cause mortality after accounting for sociodemographic variables. Further studies are warranted to determine the optimal B12 and folate level targets in this population.
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I N T R O D U C T I O N
B vitamins, including B9 (folate) and B12 (cobalamin), are water-soluble vitamins involved in normal cell function and metabolism, and their deficiencies are associated with a number of adverse outcomes [1] . Folate plays a key role in the metabolism of nucleotides and amino acids including that of homocysteine. In addition, insufficient folate intake is linked to neural tube defects, megaloblastic anemia, coronary heart disease, and colon and breast cancers [1, 2] . B12 is a coenzyme involved in the catabolism of methylmalonic acid and homocysteine (Hcy) and B12 deficiency is also associated with megaloblastic anemia as well as neurologic and cognitive sequelae [1, 2] . Given the importance of these vitamins in cell metabolism and their relationship with adverse outcomes, the use of vitamin supplements or food fortification, especially for folate, has been recommended in many countries including the United States [3] .
Patients with end-stage renal disease (ESRD) are at higher risk for nutritional deficiencies due to medication interactions, dietary restrictions and malnutrition [3, 4] . Furthermore, the dialysis procedure itself may lead to vitamin B deficiencies, especially in the case of folate where its molecular size renders it capable of being cleared during hemodialysis (HD) [3] . As folate is not stored in the body in large amounts, deficiency can develop within a few weeks [3] . Previous studies have shown that serum folate concentrations are lower in HD patients in comparison with that of the general population [3] . In contrast, serum B12 concentrations in HD patients have been reported as being similar to or higher than that of the normal range due to B12's larger molecular size and its subsequent difficulty in being cleared during HD [5, 6] . 
Previous studies have provided an inconsistent link between folate and B12 supplementation and mortality in HD patients. A randomized controlled trial comparing high doses of vitamins B6, folate and B12 supplementation versus placebo in prevalent ESRD patients did not demonstrate reduction in allcause mortality in the treatment group [7] . Conversely, a large cohort study of incident HD Taiwanese patients linked folate supplementation with lower all-cause and cardiovascular mortality risk [8] . Thus it remains unclear whether baseline serum folate and B12 concentrations have an impact on survival in incident HD patients, especially for US residents where dietary fortification differs from other countries. Therefore, we aimed to investigate the association of baseline folate and B12 concentrations with mortality in a large national cohort of HD patients.
M A T E R I A L S A N D M E T H O D S

Study population and data source
We examined data from patients who initiated treatment at a large dialysis organization in the USA between January 2007 and December 2011 [9] . This retrospective study was approved by the Institutional Review committees of the Los Angeles Biomedical Research Institute at Harbor-UCLA and the University of California Irvine. Given this study's large sample size, patient anonymity and nonintrusive nature, the written consent requirement was waived.
Patients were censored at the time of death, kidney transplantation, recovery of kidney function, dialysis discontinuation, transfer to a non-affiliated dialysis unit or the end of the study period (31 December 2011). Patients were excluded from this cohort if their total treatment lasted less than 60 days, they received a different dialysis modality other than in-center HD at any time during follow-up, or they did not have at least one serum vitamin B12 (B12) or folate measurement within the first 91-day period (baseline) after the start of dialysis. The final analytic cohort was composed of 12 968 patients with B12 measured and 9517 patients with folate measured (Figure 1 ).
Demographic and clinical measures
Patients' sociodemographic characteristics and ICD9 codes were obtained from the large dialysis organization's electronic records database. ICD9 codes were used to determine the following comorbidities: diabetes mellitus, hypertension, atherosclerotic heart disease, congestive heart failure, other cardiovascular disease, dyslipidemia, cerebrovascular disease, chronic obstructive pulmonary disease, human immunodeficiency virus (HIV), substance abuse, alcohol dependence and history of cancer.
Vitamin B12, folate and other laboratory values Serum B12 was divided into five groups (<400, 400-<550, 550-<700, 700-<950 and !950 pg/mL). Serum folate was divided into five groups (<6.2, 6.2-<8.4, 8.4-<11, 11-<14.3 and !14.3 ng/mL). Cutoffs for both exposures were determined by approximate quintiles of the cohort distribution.
Laboratory measurements were obtained using standardized and uniform techniques at all dialysis clinics and were transported typically within 24 h to a single laboratory center (DaVita Laboratory, Deland, FL, USA). All blood samples were collected pre-dialysis except for the post-dialysis serum urea nitrogen for calculation of urea kinetics. Most laboratory values were measured monthly, including serum potassium, bicarbonate, creatinine, calcium, phosphorus, intact parathyroid hormone (iPTH), albumin, alkaline phosphatase (ALP), white blood cell count (WBC), hemoglobin and ferritin. To minimize the impact of short-term variability, all repeated measures during the first 91-day period of HD treatment were averaged and their summary estimates were used in all analyses. 
Statistical methods
Patients' baseline demographics, clinical characteristics and laboratory measurements across serum B12 and folate categories were summarized as proportions, means 6 standard deviation (SD), or median [interquartile range (IQR)] where appropriate, and were compared using a test for trend analyses, or chi-square tests where appropriate.
Cox proportional hazard models were used to separately analyze the association between the two exposures, baseline serum vitamin B12 or folate, with all-cause mortality. For each exposure, three levels of adjustment were used: (i) unadjusted models, which included adjustment for patient's calendar quarter of study entry; (ii) case-mix models, which included calendar quarter of entry, plus adjustment for age, sex, race/ethnicity (White, African-American, Hispanic, Asian or other), primary insurance (Medicare, Medicaid and other insurance), initial vascular access type [central venous catheter, arteriovenous (AV) fistula, AV graft, other AV and unknown], comorbidities (diabetes mellitus, hypertension, atherosclerotic heart disease, congestive heart failure, other cardiovascular disease, dyslipidemia, cerebrovascular disease, chronic obstructive pulmonary disease, HIV, substance abuse, alcohol dependence and history of cancer) and dialysis dose as indicated by single-pool Kt/V (spKt/ V); and (iii) case-mix and malnutrition and inflammation complex syndrome (MICS) models, which included all of the covariates in the case-mix model, plus baseline measurements of body mass index and 13 laboratory variables associated with clinical outcomes in HD patients: serum albumin, normalized protein catabolic rate (nPCR), phosphorus, iPTH, hemoglobin, WBC ferritin, total iron binding capacity, iron saturation, creatinine, calcium, bicarbonate, and lymphocyte percentage. The association of each exposure as a continuous predictor with mortality was modeled using restricted cubic splines. Splines were examined using the three levels of adjustments as described (unadjusted, case-mix, and case-mix and MICS) with best placed knots at the 5th, 35th, 65th and 95th percentiles of each exposure. Finally, we also examined for effect modification of the association between B12 [dichotomized at the median B12 level as higher versus lower B12 (referent): !620 versus <620 pg/ mL, respectively] and mortality across strata of demographics, comorbidities and laboratory measurements.
Data for serum creatinine, nPCR and spKt/V were missing for 4, 3 and 2% of patients, respectively. Data for all other covariates were missing for <1% of the cohort, and complete case analyses were used. All analyses were implemented using SAS, version 9.4 (SAS Institute Inc., Cary, NC, USA) and STATA version 13.1 (Stata Corporation, College Station, TX, USA).
R E S U L T S
Serum vitamin B12 concentrations and all-cause mortality
Among 12 968 patients with at least one serum B12 measurement in the first 91 days of HD treatment, the median (IQR) serum B12 level was 620 (447-879) pg/mL. The mean 6 SD age of the cohort was 63 6 15 years, among whom 43% were female, 33% were African-American and 57% were diabetic. The baseline demographic and clinical characteristics of these patients stratified across five serum B12 groups are presented in Table 1 . Patients with higher serum B12 tended to be AfricanAmerican, were less likely to be hypertensive, and had higher concentrations of serum calcium and ferritin.
Across all levels of adjustment, baseline B12 concentrations !550 pg/mL were modestly, yet statistically, associated with a higher risk of all-cause mortality in comparison with the reference group of serum B12 <400 pg/mL (Supplementary data, Table S1, Figure 2 ). B12 concentrations of 550-<700 and !950 pg/mL conferred the highest risks of mortality after adjusting for sociodemographic and laboratory covariates [adjusted HR (aHR), (95% confidence interval, 95% CI): 1.24 (1.10, 1.41) and 1.24 (1.09, 1.40), respectively]. Furthermore, when examined as a continuous variable using restricted cubic splines, higher B12 concentrations >400 pg/mL trended towards higher risk of mortality across all levels of adjustment (compared with referent B12 level of 400 pg/mL) (Supplementary data, Figure S1 ). Finally, the association between higher B12 (B12 !620 pg/mL) and all-cause mortality (reference: B12 <620 pg/mL) remained consistent across subgroups of sociodemographics, clinical characteristics and MICS covariates in the case-mix and MICS adjusted model, except for the subgroups of patients with and without hypertension (P-interaction ¼ 0.01) (Supplementary data, Figure S2 ).
Serum folate concentrations and all-cause mortality
Among 9517 patients with at least one serum folate measurement in the first 91 days of dialysis treatment, the mean 6 SD serum folate level was 10.2 6 4.3 ng/mL. The mean 6 SD age of the cohort was 61 6 15 years, among whom 43% were female, 36% were African-American and 58% were diabetic. The baseline clinical characteristics of these patients stratified across five serum folate categories are presented in Table 2 . Patients with higher serum folate concentrations were more likely to be older, white, had a higher prevalence of atherosclerotic heart disease and other cardiovascular diseases, and had lower concentrations of serum creatinine.
In comparison with the reference group (folate 8.4-<11 ng/ mL), baseline serum folate concentrations <6.2 ng/mL were associated with a 15% higher risk of all-cause mortality after adjustment for sociodemographics and comorbid conditions [aHR, 95% CI: 1.15 (1.00-1.32)] (Supplementary data, Table S2, Figure 3 ). Furthermore, when examined as a continuous variable using restricted cubic splines, lower concentrations of folate <9 ng/mL were associated with a higher risk of all-cause mortality after adjustment for case-mix covariates (compared with referent folate level of 8.5 ng/mL) (Supplementary data, Figure S3 ). However, the association of low folate and higher risk of mortality was attenuated to the null after additional adjustment for laboratory variables (Figure 3 , Supplementary data, Figure S3 ).
D I S C U S S I O N
In this study, we observed that higher serum B12 concentrations and lower folate concentrations were modestly associated with cohort of incident HD patients independent of sociodemographics and comorbidities. The B12-mortality relationship persisted after additional adjustment for surrogates of malnutrition and inflammation, whereas the addition of these covariates nullified the folate-mortality association. Serum folate concentrations are typically low or low-normal in HD patients, particularly in patients not receiving folate supplements [6, 10, 11] . This may be due to several reasons: HD patients have reduced appetite and restricted diets, which increase the possibility of inadequate folate intake. In addition, a large proportion of HD patients have a high comorbidity burden and consume multiple medications, some of which may interfere with the absorption of nutrients and vitamins including folate [3] . Furthermore, folate is a relatively small watersoluble molecule with relatively low protein binding, and it is thus readily cleared during HD [4] . In contrast, the distribution of serum B12 concentrations in HD patients is typically similar to or higher than that of the general population [6, 10, 12] . Although B12 intake acquired through food or supplements may be reduced in HD patients, the body's capacity to store large amounts of B12 can circumvent B12 deficiency for years [3] . Unlike folate, B12 is a relatively large middle molecule and is not easily cleared during HD [4] .
The modest associations of lower folate and higher B12 concentrations with higher mortality may be related to Hcy metabolism. Hcy concentrations in HD patients are found to be much higher than of the general population [10] [11] [12] [13] [14] . Hcy metabolism requires vitamins B6, folate and B12 (Supplementary data, Figure S4 ). In fact, vitamin intake is a major effect modifier of the association between Hcy and mortality in dialysis patients. In a subgroup of patients without water-soluble vitamin supplementation or folate food fortification, each 5 mmol/L increase in total Hcy was associated with a 7% higher risk of mortality. However, among patients who consumed vitamin supplements or folate-fortified food, higher Hcy was no longer associated with higher risk of mortality [15] .
Our observed association between high (rather than low) B12 and mortality in HD patients is also consistent with findings in the general population. In patients with higher Data are presented as mean 6 SD, median (interquartile range), or proportions, and compared using a test for trend or chi-square analyses.
BMI, body mass index; COPD, chronic obstructive pulmonary disease; HIV, human immunodeficiency virus; MCHC, mean corpuscular hemoglobin concentration; MCV, mean cell volume; nPCR, normalized protein catabolic rate; PTH, parathyroid hormone; RBC, red blood cell; spKt/V, single-pool Kt/V; TIBC, total iron binding capacity; WBC, white blood cell. predisposition to inflammation, such as the HD population [16, 17] , decreased production of transcobalamin II may lead to reduced uptake of circulating B12 by peripheral tissues, and heightened synthesis of transcobalamins I and III further augment accumulation of B12 in serum [18] [19] [20] . This mechanism may be an evolutionary adaptation to deter B12 away from pathogenic organisms causing inflammation and infection in peripheral tissues. Thus, in inflammatory conditions such as HD, higher circulating concentrations of serum B12 may actually indicate functional B12 deficiency in the peripheral tissues that may eventually lead to hyperhomocysteinemia, cardiovascular sequelae and death [20] . Notably, the B12-mortality association was slightly attenuated after adjusting for case-mix and MICS covariates when examined as a continuous variable (Supplementary data, Figure S1 ). In addition, there was a differential association among those with higher nPCR, higher serum ferritin and lower hemoglobin, which may signal populations with higher risk of inflammation (Supplementary data, Figure  S2 ). Also, our observed B12-mortality association remained significant in those without hypertension, but it was not significant in those with hypertension (Supplementary data, Figure S2 ). It may be that, in those without underlying hypertension, functional B12 deficiency causes increased Hcy which promoted development of atherosclerosis, de novo vascular disease, and higher risk of cardiovascular events and death [3, 15, 21] . However, in patients who have already developed hypertension and underlying cardiovascular disease, the impact of functional B12 deficiency on cardiovascular morbidity and mortality may be negligible. In our study, the association of low folate concentrations with mortality was attenuated with additional adjustment for surrogates of malnutrition and inflammation, whereas the B12-mortality relationship was more robust. As previously mentioned, folate concentrations are often times depleted by inadequate intake and malnutrition [3] . Thus, it is plausible that by adjusting the folate-mortality association for surrogates of malnutrition, we may have caused an over adjustment leading to a type II error. It is also possible that in our study, the main driver of mortality was not Hcy induced cardiovascular sequelae, but rather malnutrition, inflammation and protein-energy Data are presented as mean 6 SD, median (interquartile range) or proportions, and compared using a test for trend or chi-square analyses.
BMI, body mass index; COPD, chronic obstructive pulmonary disease; HIV, human immunodeficiency virus; MCHC, mean corpuscular hemoglobin concentration; MCV, mean cell volume; nPCR, normalized protein catabolic rate; PTH, parathyroid hormone; RBC, red blood cell; spKt/V, single-pool Kt/V; TIBC, total iron binding capacity; WBC, white blood cell. [17] . In fact, many HD patients die from PEW long before developing major cardiovascular sequelae [16] . Thus, the indicators of PEW including serum albumin may have a large bearing on the link between folate, Hcy, cardiovascular events and death in this population. Also, B12's link with mortality and its impact on the folate-mortality relationship may be because high serum B12 is not evidence of higher intake or lower excretion, but it is an indicator of significant inflammation and PEW [18, 20] . This hypothesis is also supported by prior observations of an association between serum B12 and two indicators of inflammation: C-reactive protein and ferritin. Also, Salles et al. [18] showed a similar B12-mortality relationship in elderly adults, another population predisposed to PEW [22] . However, in our study, concurrent adjustment for B12 when folate was the exposure and vice versa did not significantly change the observed associations. Our study is subject to a number of limitations, namely that the models were only adjusted for known and measured confounders, and therefore we could not eliminate residual confounding or adjust for other factors that may influence the known confounders. In particular, our database lacked data on serum Hcy levels, the use of vitamin supplements, other inflammatory markers such as C-reactive protein and interleukin-6, and possible middle molecules that may accumulate due to lack of dialysis clearance, especially in the case of B12. Also, we had no information on the cause of death and thus we could not investigate cardiovascular mortality in our study. In addition, a large proportion of patients were omitted from the cohort due to lack of folate or B12 measurement during the first 91 days of dialysis. Although this may increase risk of selection bias, a comparison of patients with or without serum B12 measurements demonstrated no clinically significant difference in baseline characteristics (Supplementary data, Table S3 ). B12 and folate are measured in dialysis patients to evaluate anemia through the presence of low hemoglobin or increased erythropoiesis-stimulating agent (ESA) dosage. In addition, ESA resistance is commonly found when using a central venous catheter through the presence of inflammation. There were no clinically meaningful differences between patients with and without a B12 measurement for these factors.
Despite these limitations, we had minimal measurement bias considering the fact that the dialysis facilities were under uniform administrative care and the laboratory measurements were analyzed in a single laboratory. Although the normal ranges of B12 and folate have been well documented in the general population, the ranges for the incident dialysis population remain understudied, especially for that of the US, where food fortification is in practice. To our knowledge, this is the largest study to examine the association of serum folate and B12 with mortality in a large national US cohort of incident HD patients over an extended follow-up period.
In conclusion, we observed that low serum folate and high serum B12 concentrations were modestly associated with higher all-cause mortality in incident HD patients. Additional studies are needed to investigate these relationships, especially with the inclusion of Hcy in the incident US HD population.
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